The static structure of DNA has been known for 30 years (Watson and Crick 1953) . During the past 5 years, DNA has been shown to have a surprising degree of conformational flexibility in that the number of base pairs per turn is not the same in solution and in fibers (Amott and Hukins 1972; Wang 1979; Rhodes and Klug 1980) , that the base and backbone atoms undergo angular motions of large amplitude ( > 25") on a time scale of nanoseconds (Early and Kearns 1979; Bolton and James 1980; Hogan and Jardetsky 1980) , and that there are cooperative conformational transitions mediated by changing environment or binding of drug molecules (Sobell et al. 1977; Hogan et al. 1979 ; Dattagupta and Crothers 198 1). Model building and computer calculations have considered the static deformation of the DNA double helix by kinking (Crick and I$lug 1975; Sobell et al. 1977) or by smooth bending (Levitt 1978; Sussman and Trifonov 1978) . Elegant mathematics has been used to analyze the dynamic behavior of DNA by assuming that the molecule behaves like an isotropic elastic rod (Barkley and Zimm 1979) .
In the study described in this paper, the nature of the dynamics of the DNA double helix was investigated using the technique of molecular dynamics simulation, which proved so illuminating when used on globular proteins (McCammon et al. 1977; Levitt 198lb) . This technique simulates the movement of atoms in the static X-ray structure and thus provides information about the amplitudes and frequencies of vibrations and the type, rate, and pathway of conformational changes.
Results are presented for simulations of room-temperature atomic motion of 12-bp and 24-bp DNA double helices for periods of more than 90 psec. The hydrogen bonds between base pairs are all found to be stable on this time scale, and the motions of the torsion angles are found to be of small amplitude ( c loo). The length fluctuations of adjacent hydrogen bonds in the same base pair are weakly correlated, whereas the torsion angles of each nucleotide show stronger correlations that agree with those seen in the static X-ray structures. Both DNA fragments show cooperative overall bending and twisting motions of large amplitude that do not involve any major perturbation of the DNA torsion angles. This smooth bending differs from that expected of an isotropic elastic rod in that (1) it is asymmetric, always acting to close the major groove of DNA, and (2) it consists predominantly of a normal mode that has a wavelength close to the helical repeat length. The stack of base pairs is also seen to kink into the minor groove. The extent of this global motion is consistent with nuclear magnetic resonance measurements and explains the observed sensitivity of DNA conformation to local environment.
These calculations have implications for the way the DNA double helix may interact with repressors, polymerases, and other cellular proteins (Anderson et al. 198 1; McKay and Steitz 198 1) . The marked contrast between the bending flexibility and the stability of the hydrogen-bonded base pairs suggests that DNA may protect the integrity of the genetic message by absorbing thermal perturbations in bending motions, rather than in base-pair-opening motions.
METHODS
The two different base-paired complexes of DNA studied were (1) the 12-bp fragment or dodecamer (CGCGAATTCGCG)2, whose static X-ray conformation was recently solved by single-crystal diffraction (Wing et al. 1980; , and (2) the 24-bp fwment O%(T)249 whose static X-ray conformation was taken to be that found by fiber diffraction (Langridge et al. 1960; Amott and Hukins 1972) . All hydrogen atoms were added to the experimental heavyatom coordinates, giving a total of 754 atoms for the dodecamer and 1530 atoms for (A)24(T)24 (two 5 '-terminal PO, groups were absent in both structures).
The potential energy of these molecules was calculated as a function of the positions of the atoms using the same type of empirical force field used in previous energy calculations on nucleic acids (Levitt 1978) and proteins (Levitt 198 la) . This potential has the usual terms that allow for bond stretching, bond angle bending, hindered bond twisting, and van der Waals interactions (see Tables 1 and 2) . Hydrogen bonds are modeled by a specific short-range directional interaction that reproduces their expected strength (well depth is 5.0 kcal/mole). Electrostatic interactions are neglected in all but one of the calculations presented here due to uncertainties about dielectric effects and polarizability . The thousands of water molecules that surround these DNA fragments in solution are not included. This type of potential is only a first approximation to reality, but it has been able to reveal a great deal about the atomic motion in proteins (McCammon et al. 1977; Levitt 198 lb) .
The forces on the atoms calculated from this potential energy function are used to solve iteratively the equations of motion for a time step of 0.002 psec. Before starting the dynamic trajectory, the X-ray conformation is relaxed by between 1000 and 2000 cycles of conjugate gradient energy minimization. The temperature of the system is increased to 300°K (room temperature) by 251
The bond energy 1s calculated using K,(h -h,)'. where K=h m kcal mole-' A-' and ho in A are given above. The angle energy IS calculated usmg K,(8 -Oo)'. where Ke m kcal mole-' fadran-' and (I0 m degrees are given above.
'Atoms are indicated by a one-letter code: H is hydrogen; 0 is oxygen; Q is oxygen bound only to P; N is nitrogen; M is nitrogen that accepts hydrogen bonds; C is tetrahedral carbon; A, B, and G are trigonal carbons in different posittons in the bases; and P is phosphorus. The symbolic chemical formulas of the four nucleotides are as follows: T is
making small, random velocity changes during the first 200 time steps of the trajectories that are continued for about 90 psec (45,000 time steps). In spite of the relatively large time step (0.002 psec) and the inclusion of all the rapidly movi ng hYd rogen atoms, the sum of potential and kinetic energy is well conserved. The accuracy of solution of the equations of motion is proved by the persistence of low-frequency motions that involve more than 10,000 time steps per cycle (see below). Any accumulated error would disrupt these very slow cooperative motions.
RESULTS AND DISCUSSION

Fluctuations of Hydrogen Bonds and Torsion Angles
The 32 hydrogen bonds between the 12 bp of the dodecamer are unexpectedly stable. The 0.H distance is less than 2.2 A for all hydrogen bonds but one (C, , , H4*G1.,,06 is "broken" with an 0.H distance of more than 2.5 A from 59.8 psec to 60.6 psec). The rootmean-square (rms) fluctuation in O*H distance is between 0.07 A and 0.1 A, and the mean values of O*H distances are between 1.77 A and 1.84 A (see Fig. 1 ). When the same hydrogen bond function was used in a ble helix rather than to the nature of the potential function used.
The correlation coefficients of different hydrogen bond lengths were significant ( > 0.2 in absolute value) only for the adjacent hydrogen bonds in a given base pair. In C-G pairs, the first hydrogen bond G,Hl c,o2 is not correlated W ith the third hydrogen bond G,06C,H4. The values of the correlation coefficients were between +0.2 and +0.4, with hydrogen bonds in G-C base pairs generally showing higher correlations than those in A*T base pairs.
Spectral analysis shows that the fluctuations IDf hydrogen bond length occur with a wide range of fs,equencies between 0.6 cm-' and 333 cm-'. There is no one characteristic frequency for this fluctuation. The 48 hydrogen bonds in (A)24(T)24 behave in the same way as those in the dodecamer, showing similar stabilities, correlations, and fluctuation frequencies.
The single-bond torsion angles fluctuate with rms values of 6" to 12 O. There are no major changes of torsion angles other than those associated with equilibration and annealing of the dodecamer (see below). The torsion angles show a clear pattern of correlation that is essentially the same for all nucleotides in the dodecamer or in w24m24. The significant correlations are all bemolecular dynamics simulation on a small protein (pantween the torsion angles of a single nucleotide as creatic trypsin inhibitor), the interpeptide hydrogen follows: (6, x) 0.6, (6, <) -0.5, (E, x) -0.4, (a, y) bonds were much less stable than those found for DNA -0.4, (7, X) -0.3, (L X) -0.4, (P, 6) 0.3, and (P, xl (Levitt 198 1 b) . This indicates that the high stability of 0.3, where the torsion angles CY to x are as defined in these hydrogen bonds is due to the structure of the dou- Table 3 and the correlation coefficient is given after the -c-o- pair of angles. The highest correlations involve the 6 angle, which is a measure of ribose pucker, and the sidechain x angle, which is correlated to all backbone angles except QI. The time variation of five typical torsion angles is shown in Figure 2 . The frequencies of fluctuation of torsion angles are more characteristic than those 
Overall Bending and Twisting
The radius of gyration of the dodecamer was found to oscillate slowly (24 psec) and with large amplitude (4% of the mean value of 13.3 A>. This motion can be attributed to a smooth bending in the plane that contains the dyad axis of the whole dodecamer (the dyad axis between the central base pairs A6=T19 and T,*AJ. The motion is not symmetrical about the straight conformation but tends to close the major groove relative to straight DNA (see Fig. 3 ).
Quantitative characterization of this conformational change was obtained by first generating a standard Bform double helix with the dodecamer sequence (Amott and Hukins 1972) and then bending, twisting, and stretching this standard helix by different amounts to give a family of smoothly deformed helices (Levitt 1978) . Each of these helices was then fitted to a particular dodecamer conformation as well as possible using accepted methods (Kabsch 1976) . The degree of deformation of the helix that gave the best fit was taken by measuring the bending, twisting, and stretching of the dodecamer. The best-fit rms deviation was typically about 2 A ; for A-form DNA the best-fit rms deviation LEVITT "The torsion angles are defined to be zero in the ('IS conformation and mcrease with clockwtse rotatton of the further bond. The most significant deformation was bending (see Fig. 4 ). The bend angle per angstrom (6,) was found to vary with time, t, as e,(t) = 1.75" -1.18" cos (2d26)
The atoms defining each angle are Q (03'-P-05'~0'). /3 (P-05'-CS'-C4'). 7 (05'-C5'-C4'-C3'). 6 (C5'-C4'-C3'-03'). c (C3'-C3'-03'-P), < (C3'-03'-P-05'). and x: (C
The 26-psec period of the bending motion is the same as that observed for the radius of gyration and corresponds to a frequency of 33.4/26 = 1.28 cm? Although the time-averaged value of eB is not zero, the base pairs do appear in Figure 3 to tilt symmetrically about the long axis. The radius of curvature is the inverse of the bend angle (measured in radians) per angstrom. For the most-bent conformations (e. g . , at t = 13 psec), Rc = 1/(2.93~/180) = 20 A, whereas for the least-bent conformations (e.g., at t = 26 psec), RC = 1/(0.57~/180) = 100 A.
The bending motion persists for the entire trajectory. To eliminate all of the influence of the starting conditions, the conformation 24 psec along the trajectory was cooled by energy minimization and then used to start a parallel trajectory. The bending motion occurs as described above (Fig. 4) . Cooling after 36 psec gave a similar result. Clearly, the Deriodic bendine is not sensitive to the initial conditions and is the dominant slowmotion mode of the dodecamer.
There is also a significant twisting motion that has an amplitude of about 0.32 "/ A but does not show the simple periodic behavior observed for the bend angle (see Fig. 4 ). Whereas bending occurs with a single frequency, twisting involves at least three different frequencies that are all of equal or higher frequency than that of bending. Twisting and bending are correlated in that the twist is about -2.6"/A when the dodecamer is bent and -1.7'1 w when it is straight. This means that the bent structure is wound less tightly and has more base pairs per turn than the straight structure.
Normal Modes of Bending
The global motions of the 24-bp double helix w24m4 are similar to those of the dodecamer but show greater diversity (Fig. 5) . The motion seen in the y projection resembles that of two dodecamers stacked on top of one another and has the same period ( -24 psec). The bending is still into the major groove. It is as if there are pivots at the three points where the two phosphate chains intersect in the , v projection. The motion in the x projection follows the same principle. There are pivots at the two intersection points and the motion is asymmetric with a period of about 48 psec.
?'ime (ps) Table 3 .
This complicated pattern of bending can be understood by considering a completely uniform elastic rod (Landau and Lifshitz 1959) . At any time, t, the axis of the rod lying initially along the z axis will have x and 1 coordinates for each normal mode of motion given by x(Gz,k) =~0 s ad{ cos Kz + ( -l)'k +')I' cash &z/cosh m} if k = 1,3,5 = cos at{ sin Kkz + ( -l)(k'z sinh K,z/cosh dm} if k = 2,4,6
where KA = (2k + 1)~/2L and or. = K&/m (Barkley and Zimm 1979) . The rod length is L, the bending force constant per unit length is C, and the mass per unit length is M. The overall motion of the rod is a combination of all modes, with the amplitude of the mode being proportional to l/Kk. The mode of largest amplitude will always be the one with k = 1.
In the present study of DNA, bending does not follow this pattern in that a single mode dominates the x and y motions of both the dodecamer and (A)24(T)24. For the dodecamer the y-projection bending corresponds to k = 1 and has a period of 26 psec. For (A)24(T)24, the x projection motion corresponds to k = 2 and has a period of 48 psec, whereas the y-projection motion corresponds to k = 3 and has a period of 24 psec. The wavelength of these modes is given by X, = 2x/K,. 
= 81 A) and X3 = 4LJ7 =
For an isotropic elastic rod, the wavelength of the Figure 3 . Stereoscopic drawings of all 752 atoms in the dodecamer at three points of time along the second trajectory (from 24 psec to 90 psec). The three molecular drawings are viewed along the y axis at 37 psec (a ), 44 psec (b ), and 49 psec ( c) when the structure goes from most bent to almost straight (see Fig. 4 ). The symmetrical bending motion is seen to preserve the central dyad and act to close the major groove. These and all other molecular drawings were produced using PLUTO, a very versatile program written by Dr. S. Motherwell (The Chemical Laboratories, University of Cambridge, Cambridge, England).
dominant mode should increase with length, but here the same wavelength of about 50 A for both DNA fragments is found. This occurs because the DNA double helix is not isotropic toward bending in a plane: It is much easier to bend the helix into the major groove than into the minor groove or in any other direction. The standing wave due to bending will have the highest not decrease with DNA length as expected for an amplitude when the weak points in the helix occur at the isotropic elastic rod.
points of maximum curvature (pivot points in Fig. 5 ).
The frequency of bending obtained from the molecuAs these weak points are separated by one-half turn of lar dynamics simulation can be used to estimate values helix, the wavelength of the dominant mode will be for the bending-force constant C. The frequency (in close to the helix repeat for DNA of any length. As a cm-') is given by vk = 108&/m, where M is the consequence, the frequency of the dominant mode will mass per unit length (taken as 180 daltonsi A). For the k = 1 mode of the dodecamer, ZQ = 1.27 cm-!,
OPS 48~s 9ops
Figure 5. Overall motion of the (A),,(T),, double helix for the entire 96-psec trajectory (48,000 time steps). ( x Projections of the backbones (drawn as thick P-P virtual bonds) and the base pairs (drawn as thin Cl '-Cl ' virtual bonds) at 6-psec intervals; (bortom ) corresponding y projections. The motion seen in the x projection is an antisymmetric bending motion (k = 2) with a period of about 48 psec. The motion seen in the v projection is a symmetric bending motion (k = 3) with a period of about 24 psec that is like the motion seen in the dodecamer (Fig. 3) . Although most of the overall motion appears to be smooth bending, after 80 psec the chain kinks between base pairs Ag*TdO and AIO*TJ9. 6 = h/X,,, givmg C A? For the k = 102 kcai mole-' radian-l = 2 mode of (A)24(T)24, vk = 0.69 cm-l, K* = 57r/2&, giving C = 78 kcal mole-' radian+ A-*. For the K = 3 mode Of (A)24(T)24, Yk = 1.38 Cm-', K3 = 7a/2L,,, giving C = 81 kcal mole-' radianm2 A-'. This suggests that the dodecamer may be a little stiffer than (A)24(T)24.
Torsion Angles Are Insensitive to Overall Motion
After the initial equilibration, the mean torsion angles are essentially the same in both the dodecamer and (A)24(T)24 at any time along the trajectory (Table 3) . The initial torsion-angle values in (A)24(T)24 correspond to high-energy, partially eclipsed conformations as found by fiber diffraction (Arnott and Hukins 1972) ; they are relaxed by energy minimization and dynamics to almost perfectly staggered values. In the X-ray conformation of the dodecamer (Drew et al. 198 l) , three nucleotides Gq, G 1o, and GZ2 have abnormal conformations with mean values for 6, E, <, and x of 150°, 241 O, 176 O, and 150 O, respectively. Energy minimization does not relax these values, but during the first 20 psec of the trajectory, these irregular torsion angles are dynamically annealed to become like those of other nucleotides.
For each of the seven torsion angles, the "static" variation for different nucleotides at a particular conformation is the same as the "dynamic" variation for different times at a particular nucleotide. For example, in the dodecamer at 90 psec, the rms static fluctuations are 8', 7', 7", loo, 6O, 8', and 11" for cy, p, y, 6, E, <, and x, respectively. For nucleotide A6 the rms dynamic fluctuations (for 24 psec to 72 psec) are 7", 6", 7", ll", 7", 7", and 11 o for (;Y& &r y6, 66, E6, 5-6, and x6, respectively. Any systematic variation in torsion angles due to sequence or overall bending is smaller than the thermal fluctuation.
A more careful analysis did show that four of the seven single-bond torsion angles are significantly different in the straight and bent dodecamer conformations (see Table 3 ). On bending, CY changes by -4") y by 4") E by 2 O, and x by 6". These changes are very small indeed, although they are calculated for the central 4 bp that should be most affected by the bending; the changes were detected only by averaging over 240 values for the straight structure and 320 values for the bent structure. Clearly, the DNA double helix can undergo large-scale conformational changes that are not reflected by any substantial changes ( > loo) of torsion angles. This occurs because there are 14 flexible torsion angles per base pair that can change in a concerted fashion.
Electrostatic Interactions
Stereoscopic drawings of four of the (A)24(T)24 conformations are shown in Figure 6 . The dramatic changes in conformation that occur spontaneously are seen very clearly and demonstrate the high degree of conformational flexibility available to the DNA double helix.
These different conformations must have energies that are within a few RTof each other since they occur spontaneously in this room-temperature simulation. This insensitivity of the energy to the overall conformation is not surprising since the local conformation (as measured by hydrogen bond lengths and torsion angles) changes very slightly and the energy terms are all short-range (see Tables 1 and 2) . Electrostatic interactions between the negatively charged phosphate groups were not included and these long-range interactions might be expected to be more sensitive to the overall conformation. This was checked by summing l/Rpp over all pairs of interphosphorus distances, R,, (see Table 3 ). The electrostatic energy can now be approximated as 332q*{ C l/Rpp} kcal/mole. The effective net charge on every phosphate group, q, will be less than 0.5 electrons due to tightly bound ions (Manning 1978) . The effective dielectric constant, D, will be close to that of water (80) (neglecting any Debye-Huckle-type shielding). Taking the long-range electrostatic energy as 1.04C 1 lRpp kcal/mole will give a useful upper-limit estimate. For the straight and bent form of the dodecamer, this gives energies of 14.2 and 14.5 kcal/mole (at t = 48 psec and t = 90 psec, respectively, see Table 3 ), a difference of only 0.3 kcal/mole for 12 bp. For the straight and bent form of (A),,(T),,, this gives energies of 46.6 and 48.5 k&/mole (at t = 96 psec and 72 psec, see Table 3 ), a difference of only 1.9 kcal/mole for 24 bp. Although these differences are small, they are significant in that the bent structures always have higher electrostatic energies; long-range electrostatic interactions will inhibit global bending but will have a much smaller effect on the bending motions seen here.
In the calculations presented above, the average rise per residue varies from 2.8 A to 3.4 A, and the turn angle per base pair varies from 28.7" to 32.5 O. This means that the number of base pairs per turn varies from 11 to 12.5 over 20 psec, values that are significantly different from the values of 9.6 to 10.6 bp per turn found for native B-form DNA. At first it was thought that the calculated conformations were closer to A-form DNA, but Figure 6 shows that the structures remain B form. It was then thought that the disagreement was due to the omission of electrostatic interactions, especially those between the partially charged atoms on the bases. The molecular dynamics on (A)24(T)24 was therefore repeated with additional electrostatic interactions using atomic partial charges derived from an ab initio quantum mechanical calculation (Scordamaglia et al. 1977; Matsuoka et al. 1978 ). The dielectric constant was set to 1 so that the electrostatic would be strong enough to give interbase hydrogen bonds and the directional hydrogen bond interaction was omitted. This gives rise to the type of electrostatic interactions thought to stabilize amide crystal packing (Hagler et al. 1974) . Although minimization with this potential gave a reasonable doublehelical structure, the structure was unstable and rapidly denatured during the dynamics (see Fig. 7 ). The base pairs remain intact but the helix unwinds and then reforms into a very distorted structure that remains to be analyzed in detail. This dramatic conformational change is not thought to represent any real process but provides a vivid example of the drastic effect of using inappropriate energy parameters.
The defect of the calculation is probably the use of a dielectric constant of 1. Analysis of the base-stacking energy (Omstein et al. 1978) shows that ab initio partial charges give rise to a strong repulsion between base Figure 7 . Overall motion of the (A),,(T),, double helix for the 56-psec trajectory that included electrostatic interactions. Conformations are drawn in the same way as in Fig. 5 . A dielectric constant of 1 is used with atomic partial charges taken from an ab initio study (Scordamaglia et al. 1977; Matsuoka et al. 1978) . Although the structure produced by energy minimization is a normal double helix, the structure is unstable and unwinds without breaking the interbase hydrogen bonds, indicating a serious defect in the calculation.
pairs. With a dielectric constant of 1, the repulsion is too strong and disrupts the double helix completely. These preliminary calculations suggest that the successful inclusion of short-range electrostatic interactions will depend on choosing a value for the dielectric constant that is small enough to increase the base-pair turn angle from 30" to 36" without disrupting the double helix. Inclusion of long-range electrostatic interactions will be more problematic as counterions provide a shielding atmosphere around the polyelectrolytic DNA molecule. Even when DNA is treated as an isotropic rod, these interactions present considerable problems (Manning 1978; Le Bret and Zimm 1981; Schurr and Allison 1981) .
Kinking of the Double Helix
Although much of the motion of the DNA double helix appears to be smooth bending, kinking occurs once during the 96-psec (A),,(T),, simulation. Inspection of the x projection in Figure 5 for the period of 60 psec to 96 psec shows that the kink is caused as the helix bends out of the major groove past the straight conformation. A detailed stereoscopic drawing of the kink region ( Fig. 8) shows that the kink is formed within 6 psec and persists for at least 16 psec (to the end of the trajectory). Although the angle between the base pairs at the kink is about 90") none of the torsion angles in the kink region show a change greater than 30" (see Table  3 ). This demonstrates once again how large changes in the global structure do not require or result in large changes of the torsion angles. When the double helix kinks, the minimum distance between PO, groups in the two strands drops from 11 A to 6 A, but the electrostatic energy as measured by C l/Rpp actually decreases (compare the entries at 72 psec and 96 psec in Table 3 ). The kink is formed here as a natural consequence of room-temperature thermal motion; no pathway for this change of conformation had to be chosen.
The kink formed here does not correspond in detail to either of the kinks proposed by model building (Crick and Klug 1975; Sobell et al. 1977 ). The chain kinks by about 90" into the minor groove as proposed by Crick and Klug, but the change in torsion angles found here is much smaller and not restricted to a single torsion angle. Kinking into the major groove proposed by Sobell et al. is not found here; bending into the major groove seems smooth and involves torsion-angle changes of less than 5".
Influence of Solvent
The present calculations relate to DNA in vacuum, and it is important to try to estimate the possible effects of solvent. Water is expected to have three major roles: (1) Specific interactions can affect the DNA geometry by bridging between hydrogen-bonding groups that do not interact favorably in vacuum (this bridging has been observed in the X-ray structure by Drew and Dickerson [ 198 11). ( 2) The water molecules and counter-ions will have a very large effect on the long-range electrostatic energy between the negatively charged phosphate groups. (3) The water molecules will provide a viscous medium that will damp out vibrations of the double helix.
Specific interactions are not expected to play a major role in determining the conformational dynamics of DNA; if DNA itself is not rigid, how can water molecules bound to its surface make it so? Electrostatic effects of water are more important, although the electrostatic contributions to DNA stiffness are thought to be quite small ( < 20%) for ionic strengths above 0.01 M NaCl (Harrington 1978; Borochov et al. 198 1; Schurr and Allison 198 1). Viscosity will have a major effect on the in vacua results. The dominant bending mode can be approximated by considering a chain that consists of large spherical particles, each corresponding to one-half turn of helix. Each sphere will have a mass, M, of about 3000 daltons and a radius, a, of 10 A, giving rise to a Stokes' frictional coefficient of 6naq. The momentum of the moving sphere will decay with a time constant 7-l = 6raqlM or less than 1 psec (for water, the viscosity q = 0.0 1 poise). The bending motion observed here to have a 26-psec period in vacuum will therefore be Table 3 show that there is no major torsion-angle change associated with kinking. damped. Instead, there will be a diffusive motion with a relaxation time that has been calculated by Barkley and Zimm (1979) to be 110 psec (assuming C = 100 and A, = 50 A). The nature and amplitude of the motion will not change. In particular, conformations like those shown for (A)24(T)2, in Figures 5 and 6 may be important in water as they involve small changes of the longrange electrostatic energy and small overall movements of the double helix.
Solvent could, in principle, be included in the calculation by simply surrounding the DNA double helix with a few thousand water molecules and using periodic boundary conditions to give an extended system. Although about 40 water molecules have been treated in a Monte Carlo calculation in which the DNA was rigid (Corongiu and Clementi 198 1), addition of water to the DNA molecular dynamics calculation would increase the computer requirements by between 20-fold and UK&fold. This is impractical at present, but it should be possible within the next 5 years, during which time the present in vacua resuits will heip us to Interpret these future calculations.
and iow concentrations of a molecule that binds across a groove could have a major effect on the overall conformation.
Agreement with Experiment
The torsion-angle motions are found to be highly correlated. The strongest correlation found here (0.6 between angles 6 and x) has been observed in the X-ray conformation of the dodecamer ). The next strongest correlation ( -0.5 between 6 and {) was not detected initially by Drew et al., but it was seen in a more extensive analysis by Fratini et al. ( 1982) .
The force constants calculated above from the frequencies of smooth bending can be compared with the stiffness of DNA in solution as monitored by the persistence length, P. For DNA that always bends along the dyad axis, as found here, P = 2C/RT (Schellman 1974 ) (where RT is the thermal energy, which is 0.6 kcal/mole at T = 300°K). For the dodecamer, P is calculated to be 340 OA, whereas for (A)24(T)24, P is calculated to be 260 A and 270 A (for the x and y motions, respectively). The experimental value in high salt has been estimated at between 200 A and 300 A (Harrington 1978; Borochov et al. 1981) , in reasonable agreement with the calculated values.
The propeller twist of the bases is close to 15") but due to the overall motion in (A)24(T)24, the mean angle between the base normal and long axis (z) is greater than 20°, in agreement with experimental values (Hogan et al. 1978) . It is of interest that the apparent angle between the base pair and the helix axis, as measured by electric dichroism, decreases as the DNA is stretched by an electric field (Diekmann et al. 1982; Lee and Chamey 1982') or aggregated into bundles (Mandelkem et al. 198 1) . It was proposed that DNA might be supercoiled under normal conditions (Lee and Charney 1982) . Bending like that observed here for (A)24(T)24 could also explain these findings since the amplitude of the bending waves would be decreased by both stretching and aggregation.
Nuclear magnetic resonance studies (Early and Kearns 1979; Bolton and James 1980; Hogan and Jardetsky 1980) have shown that there are nanosecond motions of the base, ribose, and phosphate groups of amplitude between 20" and 30". For the central 14 bp of (A)24(T)24, the calculated rms fluctuation of the angle between the C8-H8 vector and the helix axis averages 17" for a period of 20-96 psec. The corresponding angle between the two protons on C2' has an average rms fluctuation of 18 O. Thus, the fluctuations calculated in vacuum on a time scale of 100 psec are smaller than, but comparable to, those observed in solution on a time scale of 1 nsec.
The surprising sensitivity of DNA conformation to drug binding (Sobell et al. 1977 : Hogan et al. 1979 Dattagupta and Crothers 198 1) can be understood on the basis of the cooperative motion between the very different conformations seen in Figure 5 . The energies of these conformations are the same to within a few times the room-temperature thermal energy (0.6 kcal/mole),
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